A 3.9 kb BglII-HindIII DNA fragment containing the rubredoxin gene from Clostridium pasteurianum has been cloned using oligonucleotide probes designed from the protein sequence. The 2675 bp SspI-HindIII portion of this fragment has been sequenced and found to contain three open reading frames in addition to the rubredoxin gene. The putative product of one of these open reading frames is similar to various thioredoxin reductases. The rubredoxin gene translates into a sequence that differs from the previously published protein sequence in three positions, D-14, D-22 and E-48 being replaced by the corresponding amides. These changes have been confirmed by partial resequencing of the protein.
INTRODUCTION
Rubredoxins are non-haem iron proteins the active site of which consists of an iron atom tetrahedrally co-ordinated to four cysteine sulphur atoms. Most rubredoxins occur in a variety of anaerobic bacteria and have a molecular mass of approx. 6 kDa. The aerobic bacterium Pseudomonas oleovorans produces a larger (15 kDa) rubredoxin containing two iron atoms. All of these iron proteins are presumed to serve as electron carriers, but the electron-transfer chain in which they participate has only been identified in P. oleovorans, where genetic analysis of the alk regulon has shown that rubredoxin is involved in alkane hydroxylation (Eggink et al., 1987 (Eggink et al., , 1990 Kok et al., 1989) . Several attempts have been made to define the role of rubredoxin in anaerobic bacteria. NADH-rubredoxin oxidoreductases have been at least partially purified from Clostridium sticklandii (Stadtman, 1965) , Desulfovibrio gigas (LeGall, 1968) and Clostridium acetobutylicum (Ballongue et al., 1986) . Rubredoxin has also been reported to be an effective electron donor to a nitrate-reducing activity reconstituted in vitro from Clostridium perfringens (Seki et al., 1988) . A different approach to the identification of possible redox partners of rubredoxin, involving gene structure analysis, has been implemented with Desulfovibrio vulgaris (Voordouw, 1988) . In the latter case, the rubredoxin gene belongs to the same operon as another gene which has been suggested to encode a rubredoxin oxidoreductase (Brumlik & Voordouw, 1989) . A protein very similar to this putative gene product has been purified from D. vulgaris and Desulfovibrio desulfuricans, shown to contain two different types of iron and named desulphoferrodoxin (Moura et al., 1990) . Similar data are wanted for clostridia, where rubredoxin may assume a different function from that in sulphate-reducing bacteria. In sharp contrast with the scanty knowledge of their function, rubredoxins have been structurally characterized in great detail: more than ten amino acid sequences have been reported (see alignments in Meyer et al., 1990) , four tridimensional structures have been elucidated with resolutions better than 0.15 nm (Watenpaugh et al., 1979; Frey et al., 1987; Stenkamp et al., 1990; Adman et al., 1991) and a considerable amount of spectroscopic data have been collected on the Fe(SCys)4 active site (reviewed in Gebhard et al., 1990) . A strong structural basis is thus available for understanding the electron-transfer mechanisms of these proteins. Further progress will greatly benefit from the production of molecules altered by site-directed mutagenesis.
As our initial efforts towards these goals, we report here the cloning and sequencing of the rubredoxin gene from Clostridium pasteurianum, and the expression of the protein in Escherichia coli.
MATERIALS AND METHODS
Materials and strains C. pasteurianum W5 (ATCC 6013) was obtained from the American Type Culture Collection. Competent E. coli DH5a cells, T4 DNA ligase and T4 polynucleotide kinase were from Gibco BR, Paisley, U.K. Other enzymes and E. coli strain JM 109 were purchased from Boehringer-Mannheim. pUC18 plasmid was from Pharmacia. E. coli alkaline phosphatase, [y-32P] 
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Cloning and sequencing of DNA C. pasteurianum cells were grown on N2 (Rabinowitz, 1972) and genomic DNA was purified as described (Saito & Miura, 1963 ) with a slight modification (Graves et al., 1985) . Genomic DNA was digested with various restriction enzymes (see the Results section), electrophoresed through agarose gels in 0.04 MTris/acetate/2 mM-EDTA (pH 8.5) and stained with ethidium bromide (0.3 jig/ml). DNA transfer from agarose gels to Hybond-N membranes (Amersham) was carried out with Vacugene (LKB) equipment. Prehybridization was for a minimum of I h at 46°C for probe P1 and 42°C for probe P2 (see below) in 0.1 % SDS/2 x Denhardt's solution/0.75 M-NaCl/0.075 Msodium citrate/0.1 mg of sonicated and boiled herring sperm DNA/ml. Hybridization was overnight at the same temperature in the same solution containing labelled oligonucleotide probe, and was followed by three 20 min washes at the same temperature in 0.3 M-NaCl/0.03 M sodium citrate. For cloning purposes, genomic C. pasteurianum DNA was digested with restriction enzymes chosen on the basis of the results of the previous hybridizations, and, without further fractionation, inserted (3:1 ratio of insert to vector) into pUC18 cut with the same or with compatible enzymes. When digestion with a single restriction enzyme was performed, the vector was also treated with E. coli alkaline phosphatase. Doubly digested plasmids were electrophoresed on agarose gels in order to eliminate the excised fragment of the multiple cloning site. The recombinant plasmid was used to transform E. coli DH5a or JM109 cells, and the cells were spread on Luria broth (LB) plates supplemented with ampicillin (50,ug/ml), 5-bromo-4-chloro-3-indolyl-/J-D-galactopyranoside (20,tg/ml) and isopropyl-1-thio-fl-D-galactopyranoside (IPTG; 24 ,g/ml). Transformants were transferred to Hybond-N membranes, either by replica plating or individually with toothpicks. Screening was carried out by colony hybridization as described above for genomic DNA hybridization. Plasmid DNA was isolated by alkaline lysis (Kieser, 1984) and sequenced by the dideoxy method (Sanger et al., 1977) with the Sequenase kit (Version 2.0, United States Biochemical), and with synthetic heptadecanucleotides as primers. DNA and protein sequences were analysed using the DNASTAR software package.
Rubredoxin purification
Rubredoxin was extracted from C. pasteurianum cells and separated from the 2[4Fe-4S] ferredoxin on a DE-52 (Whatman) column as described previously (Moulis & Meyer, 1982 (Lovenberg & Sobel, 1965) . Preparation of aporubredoxin, carboxymethylation of the cysteine residues, purification of peptides and sequence analysis were as described previously for Clostridium thermosaccharolyticum rubredoxin (Meyer et al., 1990) .
Rubredoxin expression inE. coli
Recombinant rubredoxin expressed inE. coli was purified as follows. One-litre cultures in LB medium were grown at 37 'C to the stationary phase (see Fig. 5 for conditions of induction with IPTG) and centrifuged (7000 g, 20 min). 
RESULTS

Cloning of the rubredoxin gene
Analysis of the published amino acid sequence (McCarthy, 1972; Watenpaugh et al., 1973) of C. pasteurianum rubredoxin revealed that the N-terminus MKKYTCT and the DDWVCP fragment were best suited for the derivation of low-degeneracy oligonucleotide probes. In addition, searches of the PIR-NBRF protein sequence database showed that these fragments were among the least likely to occur in known proteins other than rubredoxins. Taking into account the codon usage of C. pasteurianum, which is biased towards A or T in the wobble position (Graves et al., 1985; Chen et al., 1986; Hinton et al., 1987; Wang et al., 1988 Wang et al., , 1990 Meyer & Gagnon, 1991) , a 32-fold degenerate eicosanucleotide, 5'-GT(AG)CA(AT)GT(AG)TA-(TC)TT(TC)TTCAT-3' (P1), and a 16-fold degenerate heptadecanucleotide, 5'-GG(AG)CA(AT)ACCCA(AG)TC(AG)TC-3' (P2), were deduced from the MKKYTCT and DDWVCP fragments respectively. C. pasteurianum genomic DNA was digested with a number of restriction enzymes and analysed by Southern hybridization with P1 and P2. In any given restriction reaction, both probes hybridized with fragments of the same size. These sizes were: HindIll (4 kb), KpnI (4.4 kb), HindIII-SacI (2.1 kb), , HindIII-SmaI (2.3 kb), . In no case was more than one fragment found to hybridize with the probes, which strongly suggests that only one rubredoxin gene is present in the genome of C. pasteurianum. Total genomic DNA from C. pasteurianum was completely digested with HindIII and BglII, and ligated into the HindIII-BamHI sites of pUC18. E. coli DH5a cells were transformed with the recombinant DNA, plated and screened by colony hybridization with probe P1. Some 2000 transformants yielded two positive clones carrying 3.9 kb inserts which both hybridized with P1 and P2. Restriction analysis of these two clones showed them to be identical. One of the clones, the plasmid of which was designated pCPRDI, has been used in the experiments described below. Sequence analysis
The largest part of the insert of pCPRD1, namely the 2675 bp SspI-HindIII fragment, was sequenced on both strands as shown in Fig. 1 2). As previously reported for C. pasteurianum DNA (Tonomura et al., 1965) , the G+C content was found to be very low (30%), but slightly higher in coding regions (33-35 %) (Graves et al., 1985; Meyer & Gagnon, 1991) .
ORFI, which is nearest to the SspI site, is preceded by a potential ribosome-binding site (GGTGGTG) and encodes a 308-residue protein with a calculated molecular mass of 32400 Da. This putative gene product is similar to a number of NAD(P)-dependent oxidoreductases, and in particular it shares 35 % identical residues with E. coli thioredoxin reductase (Russel & Model, 1988) (Fig. 3) . It also resembles the 207-521 segment of the F52a component of the alkyl hydroperoxide reductase system of Salmonella typhimurium (Tartaglia et al., 1990) (Tartaglia et al., 1990) and to the product of a mouse gene, MER5, reported to be involved in erythroleukaemia cell differentiation (Nemoto et al., 1990) (Fig. 4) (Fig. 5) .
In (Fig. 5, lanes 1, 2 and  6 ). This suggests that the -10 and -35 sequences shown in Fig.   2 constitute the active promoter of the rubredoxin gene in E. coli.
The addition of IPTG to the growth medium resulted in a significant increase in rubredoxin expression (Fig. 5, Fig. 3 . Comparison of the sequence of ORF1 with those of the thioredoxin reductase (TXRD) from E. coli (Russel & Model, 1988 ) and the C-terminal part (starting at residue 208) of the F52a component of S. typhimurium alkyl hydroperoxide reductase (Tartaglia et al., 1990 ) The alignments were carried out using MULTALIN (Corpet, 1988) . Matching residues are marked with stars. The numbers refer to the ORF1 sequence only, the designated residues being below the last digit of each number. Several regions of strong similarity are apparent, some of which, namely 10-28, 149-165 and 267-278, correspond to nucleotide-binding domains (Tartaglia et al., 1990; Eggink et al., 1990) . The redox-active disulphide bridge is formed by C-136 and C-139. (Nemoto et al., 1990 ) and the C-22 component of the alkyl hydroperoxide reductase from S. typhimurium (Tartaglia et al., 1990 ) The alignments were carried out using MULTALIN (Corpet, 1988) . Matching residues are marked with stars. The numbers refer to the ORF3 sequence only, the designated residues being below the last digit of each number. (1 mm final concentration) was added as indicated. After overnight incubation, 1 ml of cell suspension was centrifuged, and the pellet was treated at 95°C for 5 min with 0.1 ml of lysis buffer (Laemmli, 1970) . Cell debris was eliminated by centrifugation and 5 ,u1 of supernatant was loaded on the gel. The acrylamide concentration was 10 % (w/v) dependence of rubredoxin expression on the presence of the lac promoter upstream of the gene in pCPRD2 was confirmed by cloning the 476 bp SspI-SspI fragment in pUC19: the insert containing the rubredoxin gene was excised from pCPRD2 by a HindIII-EcoRI double digestion, and ligated into the corresponding sites of pUC19. In the resulting plasmid, pCPRD3, the rubredoxin gene and the lac promoter are oriented in opposite directions. The level of rubredoxin expression was indeed found to be insensitive to IPTG, and was similar to that observed with pCPRD2 in the absence of IPTG (Fig. 5, lanes 4 and 5) . These experiments show that the rubredoxin polypeptide is synthesized in E. coli, but produce no information regarding the assembly of holorubredoxin. We therefore undertook the extraction and purification (see the Materials and methods section) of rubredoxin from E. coli JM109 cells transformed with pCPRD2. Cells grown overnight in LB medium yielded 1-2 mg of rubredoxin/l of culture. The addition of IPTG (1 mM) in midlog phase (A600 = 1) resulted in a doubling of rubredoxin production. The characteristic red colour of rubredoxin was already detectable in the centrifuged cell extract. The core and tail fractions of the main peak eluted from the Sephadex G-50 column (second purification step) contained mostly rubredoxin (A490/A280> 0.30). When these fractions were run through an anion-exchange h.p.l.c. column (see the Materials and methods section), two peaks were eluted: the first one was pink and proved to be pure rubredoxin (A490/A280 = 0.43). The second one was colourless and was shown to be aporubredoxin by its migration, which was identical with that of rubredoxin on SDS/polyacrylamide gels, and by its conversion into holorubredoxin on incubation under argon in the presence of dithiothreitol and ferric ion. The amounts of holo-and apo-rubredoxin were found to be approximately equal. In attempts to increase the . 300 400 500 600 700 800 Wavelength Fig. 6 . U.v.-visible-absorption spectra of C. pasteurianum rubredoxin as synthesized in C. pasteurianum (upper spectrum) and in E. coli (lower spectrum)
For the sake of clarity, an offset of + 0.15 absorption unit has been applied to the spectrum of the native C. pasteurianum rubredoxin.
Both proteins (concentration 1.6 mg/ml) were in 20 mMTris/HCl/0.4 M-NaCl, pH 8.0. The spectra were recorded on a Hewlett-Packard 8452 diode array spectrophotometer.
yield of holorubredoxin, growth media were supplemented with FeCl3 (10 or 100 /M), but neither the total amount of rubredoxin, nor the ratio of holo-to apo-protein were modified. Thus the concentration of iron in the LB medium does not limit the production of holorubredoxin by E. coli. Assuming that aporubredoxin was present in the crude extract, we tried to convert it into holorubredoxin: the extract was incubated under argon with 0.5 mM-dithiothreitol for several hours at 4°C, then supplemented with 20 ,#M-FeCl3, and incubated for 1 h at room temperature.
Subsequent purification of rubredoxin as described above revealed no increase in the ratio of holo-to apo-rubredoxin. It thus remains to be established if the presence of aporubredoxin arises from the inability of E. coli to provide all the protein molecules with iron, or from the loss of the active site during purification. The u.v.-visible-absorption spectrum of the rubredoxin expressed in E. coli is identical with that of native rubredoxin from C. pasteurianum (Fig. 6) (Meyer et al., 1990) . The mass of the rubredoxin expressed in E. coli was found to be smaller than that of the native protein by 28 mass units, a difference which suggested the removal of the N-terminal blocking formyl group. N-Terminal sequencing of recombinant rubredoxin confirmed that its N-terminus was unblocked; the average sequencing yield for the three N-terminal residues (M,K,K) was 40%. In contrast, the sequencing yield of the rubredoxin purified from C. pasteurianum was approx. 5 %, thus confirming a previous report that the N-terminus was blocked (McCarthy, 1972) .
DISCUSSION
The structure of the rubredoxin-encoding gene of C. pasteurianum shows that in this bacterium the polypeptide is synthesized in its final size, as in D. vulgaris (Voordouw, 1988) . A possible promoter region occurs upstream from the gene, and a transcription termination signal is found shortly downstream (Fig.   2 ). These features are consistent with preliminary studies on the rubredoxin transcript, which indicate a size of approx. 230 bases. Thus the rubredoxin gene probably constitutes an independent operon. Additional transcript-mapping experiments are required to confirm this hypothesis.
The situation of the rubredoxin gene in the C. pasteurianum genome is quite unlike the one observed in P. oleovorans, where the rubredoxin gene belongs to a multigene operon encoding enzymes involved in alkane hydroxylation (Eggink et al., 1987 (Eggink et al., , 1990 Kok et al., 1989) , or in D. vulgaris, where the rubredoxin gene is adjacent to a gene encoding another metalloprotein, desulphoferrodoxin (Brumlik & Voordouw, 1989; Moura et al., 1990) . The aerobe P. oleovorans remains the only organism in which the function of rubredoxin has been well characterized (Eggink et al., 1990) . In anaerobes, despite their great structural similarities, rubredoxins may well fulfil different functions in the diverse bacteria that contain them. Various means of identifying possible redox partners of rubredoxin in C. pasteurianum are possible; one of these consists of characterizing and quantifying the transcripts of the rubredoxin gene under various conditions. The 476 bp SspI-SspI fragment cloned in pCPRD2 will therefore constitute a useful RNA probe.
With the present data, no functional connection between rubredoxin and the putative translational products of ORFI and ORF3 occurring on the sequenced fragment can be inferred. In view of its strong similarity to E. coli thioredoxin reductase (Fig.  3) , the product of ORFI might be the counterpart enzyme of C. pasteurianum: a thioredoxin-thioredoxin reductase system has indeed been isolated from this bacterium (Hammel et al., 1983) . In a sequence alignment of the putative product of ORFI and of E. coli thioredoxin reductase, particularly strong similarities are observed around the nucleotide-binding regions (Tartaglia et al., 1990; Eggink et al., 1990; McKie & Douglas, 1991) , and around the two conserved redox-active cysteines of thioredoxin reductase (Fig. 3) . Since the thioredoxin gene of C. pasteurianum does not occur on the 3.9 kb BglII-HindIII fragment, it must be separated from the reductase gene by more than 1.5 kb. However, the presence of the thioredoxin-encoding gene in close vicinity to the reductase-encoding one is not mandatory, as in E. coli the two corresponding genes have been mapped in very distant loci (Haller & Fuchs, 1984; Lim et al., 1985) .
The putative product of ORF3 exhibits greatest similarity with the product of the mouse MER5 gene which has been proposed to be involved in leukaemia cell differentiation (Nemoto et al., 1990) . The latter protein is larger (257 residues) than the product of ORF3, but the similarity is so high (53 % identity) in the approx. 160-residue overlap that the two proteins might have related functions. An alternative proposal can be made, which is less satisfactory with regard to sequence similarities, but which would provide a function for the products of both ORFI and ORF3; they are similar to the ahpF and ahpC genes, respectively, that encode the two components of the alkyl hydroperoxide reductase of S. typhimurium (Figs. 3 and 4) (Tartaglia et al., 1990) . In the C. pasteurianum genome, the order of occurrence of the former genes is opposite to that of the latter in S. typhimurium.
The rubredoxin sequence as translated from the gene is very similar to the original sequence determination by Edman degradation (McCarthy, 1972; Watenpaugh et al., 1973) . Three minor discrepancies, amides in place of the corresponding amino acids, have been confirmed by resequencing the protein purified from C. pasteurianum. The first change, D-14 = N, is somewhat surprising, since aspartate was found to occur in this position in all rubredoxin sequences known to date (Meyer et al., 1990;  Fig.  7) . The second change, D-22 - presence ofglutamine at this position in all clostridial rubredoxins (Meyer et al., 1990 ; Fig. 7 ). The 13 rubredoxin sequences known to date have been aligned in Fig. 7 . The totally conserved residues now amount to 13, which include the four cysteine ligands of the iron atom, three prolines or glycines involved in formation of the cysteine-containing loops, and five of the six aromatic residues that constitute the hydrophobic core of the protein. Most of these residues are presumably essential to maintain the architecture of the rubredoxin molecule and the redox properties of its iron ion. In contrast, among the charged residues on the surface of the protein, only K-46 is totally conserved. C. pasteurianum rubredoxin as expressed in E. coli possesses an iron chromophore identical with the one present in the native protein (Fig. 6 ). The ability of E. coli to assemble the active site of this metalloprotein is not unexpected, in view of its reported efficiency in expressing foreign proteins possessing more elaborate iron-sulphur clusters (Makaroffet al., 1983; Coghlan & Vickery, 1989; Bohme and Haselkorn, 1989; Baur et al., 1990; Grabau et al., 1991; V. Davasse & J.-M. Moulis, unpublished work). E. coli may use an indigenous enzyme system to insert iron at the active site of C. pasteurianum rubredoxin, although rubredoxinlike proteins have yet to be found in wild-type E. coli. Alternatively, it is not unreasonable to consider a spontaneous assembly of holorubredoxin in vivo. We have found, on the basis of N-terminal sequencing and m.s. analysis (see the Results section), a minor difference between the products of the rubredoxin gene in C. pasteurianum and that in E. coli; in the latter organism, rubredoxin undergoes removal of the formyl group from the N-terminal methionine, whereas in C. pasteurianum the N-terminus remains blocked.
The level of expression presently obtained for C. pasteurianum rubredoxin in E. coli represents a considerable improvement over rubredoxin expression in C. pasteurianum; in the latter case yields are lower than 0.1 mg/l of culture and are not very reproducible, for as yet unknown reasons (I. Mathieu, J. Meyer
